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Height preference and strain in Ag islands on Si(111)−(7×7) surfaces
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Growth and strain behavior of thin Ag films on Si substrate have been investigated by scanning
tunneling microscopy, cross-sectional transmission electron microscopy and high resolution x-ray
diffraction studies. Ag islands formed on Si at room temperature growth show strongly preferred
heights and flat top. At low coverage, islands containing two atomic layers of Ag are overwhelm-
ingly formed. At higher coverages island height distribution shows strong peaks at relative heights
corresponding to an even number of Ag atomic layers. This appears to be a quantum size effect.
Hexagonal disc-like islands with flat top are formed upon annealing. The annealed film shows two
closely-spaced Ag(111) diffraction peaks − one weak and broad and the other narrow and more
intense. The intense peak corresponds to a shorter Ag(111) planar spacing compared to the bulk
value. This can be explained in terms of changes in the Ag lattice during the heating-cooling cycle
due to thermal expansion coefficient mismatch between Ag and Si.
PACS numbers: 68.55.Jk, 61.16.Ch, 68.37.Ef, 68.60.Dv
I. INTRODUCTION
Ag on Si is a nonreactive metal-semiconductor system.
The growth of Ag on Si has been widely studied as a
model system. Growth morphology has been found to de-
pend on the deposition rate and growth temperature. For
Ag deposition on Si(111)-(7×7) at low temperature (LT),
reflection high energy electron diffraction (RHEED) os-
cillations were observed up to many monolayers (MLs)
indicating a quasi-layer-by-layer growth [1, 2]. Scanning
tunneling microscopy (STM) studies on such samples also
indicated quasi-layer-by-layer growth up to 3.6 ML, at-
tributed to a lower average island size and higher island
density compared to room temperature (RT) growth [3].
At RT deposition it is generally accepted that the growth
follows the Stranski–Krastanov (SK) or layer-plus-island
growth mode [4, 5, 6, 7]. However, for RT deposition
quasi-layer-by-layer growth has also been observed but
only for high deposition rates (∼30 ML/min) [1]. An
LT growth followed by RT annealing leads to yet an-
other growth mode in which 3D plateaulike Ag islands
with a strongly preferred height are observed on a wet-
ting layer [8]. The islands increase their number density
and lateral extension with coverage with no change in
height, eventually forming a percolated network of the
same preferred height. This behavior was observed where
1 ML to a maximum of 2.2 ML deposition was studied
[8]. This growth mode is different from the conventional
SK growth mode. The role of electronic driving force
has been suggested to be responsible for this mode of
growth. Zhang and coworkers proposed the electronic
growth mechanism, in which uniform layer can be grown
∗Present address: Paul Scherrer Institute, CH-5232 Villigen PSI,
Switzerland.
†Electronic address: bhupen@iopb.res.in
only over a thickness window, below or above which the
metal film would be nonuniform [9, 10]. According to
their work, very thin films are destabilized by charge
transfer at the interface, films of intermediate thickness
are stabilized by quantum confinement and thick films
are destabilized by stress. Huang et al studied Ag growth
on Si(111)-(7×7) at 50 K followed by annealing at 300
K [11]. By STM measurements they observed that flat
pin-hole free films can be grown where the amount of
material deposited exceeds 6 ML but multilayer pits are
observed for thinner films. Growth at 300 K was found
to produce three dimensional structures. These authors
did not explore much higher film thicknesses to find out
if there exists a thickness window above which the film
again becomes nonuniform. To explore this aspect films
of higher thicknesses are to be studied. The authors of
ref. [11] studied only a maximum thickness of 6.4 ML.
Moreover, at RT growth whether plateaulike islands with
a strongly preferred height are formed, as observed by
Gavoli et al. [8] for LT deposition and RT annealing, has
not been explored. In their study the thinnest Ag film on
Si(111)-(7×7) grown at 300 K was 5 ML. Thinner films
are to be studied to reveal any plateaulike islands with a
height preference.
Here we report on our studies of growth of Ag films
over a wide range of thickness on Si(111)-(7 × 7) sur-
faces for RT growth as well as RT growth plus annealing
at higher temperatures by STM, transmission electron
microscopy (TEM) and high resolution x-ray diffraction
(HRXRD) experiments. Encouraged by the fact that for
other metal/Si systems LT [12] as well as RT [13] depo-
sition shows growth of islands with preferred heights as
a consequence of quantum size effect (QSE), we explore
whether a height preference exists for the growth of Ag on
Si over a range of thicknesses for RT growth. Indeed we
observe growth of plateaulike Ag islands with an N-layer
(N even) height preference. These aspects alongwith the
detailed morphology and strain in annealed films are pre-
2sented here.
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FIG. 1: (a) STM image (700×700 A˚2) of a 1 ML Ag film de-
posited on a Si(111)-(7×7) surface at RT. Sample bias voltage
Vs = 2.1 V, tunneling current I = 0.2 nA. Height profile along
the line is shown (scales are in A˚) (b) Island height distribu-
tion obtained from the image in (a), showing the strongly
preferred height (peak B) corresponding to two atomic layers
of Ag(111). Peak A represents the Ag wetting layer.
II. EXPERIMENTAL DETAILS
Growth and STM measurements were performed in a
custom made molecular beam epitaxy (MBE) chamber
coupled with an ultrahigh vacuum (UHV) variable tem-
perature scanning tunneling microscope (VTSTM, Omi-
cron). This system has been described elsewhere [14].
Base pressure in the growth chamber was 1×10−10 mbar.
Si(111) samples were cut form n-type silicon wafers with
resistivity in the range 10−20 Ωcm. After introduc-
ing into the MBE chamber, substrates were degassed
at 600◦C for about 12 hours. The sample was then
flashed briefly at 1150◦C to remove the native oxide and
cooled slowly to RT. The (7×7) reconstruction was ob-
served on Si(111) surface by STM. Ag was evaporated
from a Knudsen cell (PBN crucible) and deposited onto
the Si(111)-(7×7) surfaces, kept at RT, at the rate of
2 ML/min. (Some authors have defined a monolayer of
Ag to be equivalent to the normal surface atomic density
of Ag(111), which is 1.5×1015 atoms/cm2. Others have
defined a monolayer to be the equivalent of the atomic
density on an ideal Si(111) surface, which is 0.78 ×1015
atoms/cm2. Here we use the former definition). For
the annealed samples, annealing was performed follow-
ing deposition in the MBE chamber. During deposition
the chamber pressure rose to 8.5×10−10 mbar. The sam-
ple was then transfered into the VTSTM chamber for
microscopy measurements at RT. Following STM mea-
surements samples were taken out of the UHV chamber
for HRXRD and TEM measurements. Film thickness
was measured during growth by a quartz microbalance
as well as post-growth Rutherford backscattering spec-
trometry (RBS) experiments. HRXRD measurements
with a rotating anode source and TEM measurements
with a JEOL-2010 microscope using 200 keV electrons
were made in Institute of Physics. HRXRD measure-
ments were also performed with synchrotron radiation at
HASYLAB at DESY in Germany at the bending magnet
beamline ROEMO-I.
For HRXRD measurements with a rotating anode
source, we have used Mo Kα1 X-rays (λ = 0.709A˚)
monochromatized by a symmetrically cut Si(111) crys-
tal. For experiments with synchrotron radiation (SR)
a pair of symmetrically cut Ge(111) crystals were used
in a double-crystal monochromatator. A beam entrance
slit (S1: vertical opening 70µm, horizontal opening 0.5
mm) 46 cm before the sample and another slit(S3: ver-
tical opening 200 µm) before the detector at a distance
of 43 cm from the sample were used. An antiscattering
slit (S2: vertical opening 80 µm) was used between the
sample and the entrance slit. During sample alignment
smaller vertical opening of the slits were used (S1: 30 µm,
S3: 100 µm). X-rays of a longer wavelength (λ = 1.033A˚)
were used for the SR experiments.
III. RESULTS AND DISCUSSIONS
A. Growth and morphology
For a thin (1 ML) Ag layer grown on a Si(111)-(7× 7)
surface at RT, a STM image is shown in Fig.1(a). A
height scan along the line marked in Fig.1(a) is shown
below the image. Growth of flat-top islands with a pref-
erential height is evident from the height scan. Indeed all
the islands seen in Fig.1(a) have the same height. Height
distribution of Ag islands obtained from the micrograph
in Fig.1(a) is shown in Fig.1(b). The dark background
area (marked ‘A’) in Fig.1(a) corresponding to peak A
in Fig.1(b) is the first Ag wetting layer on Si(111). The
bright features (marked ‘B’) in Fig.1(a) corresponding to
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FIG. 2: Height distribution obtained from of a STM image
of a 2 ML Ag film. Peak A corresponds to the wetting layer
and B, C, D and E correspond to islands of monolayer, bi-
layer, trilayer and quadrilayer heights, respectively. Islands
of double-layer and four-layer heights are dominant.
peak B in Fig.1(b) are Ag islands with flat top and a
height of 5.4 A˚ from the Ag wetting layer. Assuming
that the spacing between atomic layers in the Ag islands
is close to the corresponding value in bulk Ag along the
[111] direction, each island contains two atomic layers of
Ag. The wetting layer contains about 0.5 ML Ag [8], the
remaining deposited Ag grows as islands on the wetting
layer. So the double-layer height preference of the Ag
islands is obvious. This height preference of Ag islands
for RT growth of Ag on Si(111)-(7× 7) surfaces is quite
robust. Among several STM images, in one image simi-
lar to Fig.1(a), among islands of double-layer height only
one island of a height corresponding to three atomic lay-
ers of Ag was found. We observed no Ag islands of one
atomic layer height. The root-mean-square roughness on
any given island is ∼0.2 A˚ while that obtained from the
whole image [Fig.1(a)] is 2.2 A˚. The double-layer height
(5.4 A˚) preference of Ag islands for the Ag/Si(111)-(7×7)
system was earlier observed only for LT (150 K) depo-
sition followed by RT (300 K) annealing for deposition
between 1 and 2.2 ML Ag [8].
This novel growth mode was qualitatively explained in
terms of the electronic growth mechanism [9, 10], wherein
the quantized electrons in a layer can influence the mor-
phology. As we observe here, for the Ag/Si(111) system
LT growth followed by RT annealing is not a necessary
condition for the formation of islands of preferred heights.
They are also formed in RT deposition. Moreover, height
preferences with larger heights have been observed in
other metal/silicon systems [12, 13]. We investigated
growth of Ag layers of various thicknesses (1−60 ML).
For 2 ML Ag films preference for growth of islands of
N-layer (N≥ 2) height is observed. A height distribution
plot obtained from a STM image of a 2 ML film is shown
in Fig.2. There is a strong tendency of height preference
in units of bilayer height [N = 2 (A–C), 4 (A–E)]. From
Fig.2 we also notice the existence of monolayer B and
trilayer D heights; however, their intensities are smaller.
The monolayer height peak B arises from the height dif-
ference between C and D, i.e., growth of monolayer height
islands on the already formed double-layer height islands.
Direct growth of monolayer height islands on the wetting
layer A is very rarely observed. For the growth of 4 ML
onwards, the Ag layer forms a percolating structure. The
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FIG. 3: Height distribution obtained from a STM image (350
×850A˚2) of a 5 ML Ag film. N-layer heights of islands (B: N
= 2, C: N = 4, D: N = 6) for even values of N are strongly
preferred.
height distribution from a 5 ML Ag film is shown in Fig.3.
Growth of islands of N-layer (N even: 2, 4, 6) height is
prominent. The peaks A, B, C, D in Fig.3 correspond to
the wetting layer, N = 2, N = 4, N = 6 islands. These
heights are seen in line scans through the STM image
(not shown). STM images from 20 ML, 30 ML and 40
ML Ag films are shown in Fig.4. The roughness obtained
from the STM image in Fig.4(c) is 6.2 A˚, while that only
on the flat features is ∼ 0.2 A˚. Small hexagonal islands
appear to grow on the outer layers beginning around 30
ML thick films. These hexagonal islands become more
prominent for 40 ML and 60 ML (shown later) films.
Height distribution in the 40 ML film is shown in Fig.5.
Height preference for even-N is observed. Peak A in Fig.5
is not from the wetting layer. The wetting layer has been
covered by further growth on it. If we assume the height
corresponding to A to be N0-layer then we observe strong
preference for N0+2, N0+4 and N0+6 layers in Fig.5.
These heights can be appreciated from the height scan
and the grey scale in the marked area in Fig.4(c). Ap-
parently the N-layer height preference with an even value
4of N is an effect of quantum confinement of electrons in
the Ag islands. To our knowledge in the existing litera-
ture neither theoretical nor experimental results (except
for N = 2 in LT growth followed by RT annealing [8]) on
the height preference in Ag(111) films on Si(111) sub-
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FIG. 4: STM images of (a) 20 ML (1000×1000 A˚2), (b) 30
ML (2000×2000 A˚2) and (c) 40 ML (2000×2000 A˚2) Ag films.
Height profiles along the marked lines are shown (scales are in
A˚). Small hexagonal islands on the top layer begins to grow
for & 30 ML films. These islands are more abundant on 40
ML films.
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FIG. 5: Height distribution obtained from the marked area
with dashed lines in Fig. 4(c). Relative heights apparently
correspond to A–B: ∆N = 2, A–C: ∆N = 4, A–D: ∆N =
6. Here the peak A does not corespond to the wetting layer.
Relative height for a given ∆N may somewhat depend on the
value of N ( see text for details).
strates are available. Recently for Pb islands grown on
Si(111) substrates, Okamoto et al. observed a preference
for islands with height differences (∆N) equivalent to an
even number of Pb atomic layers [13]. Surface energy has
been found to be lower for a height containing an even
number of atomic layers, compared to the neighboring
heights containing an odd number of layers. For Ag films
on Fe(100) surfaces, in general an N-layer film, though
stable at low temperature, was found to bifurcate into
a film with N±1, i.e. ∆N=2, around 400 K [15]. Some
theoretical attempts have been made to understand the
N–dependent stability of metal films using the quantiza-
tion condition (the phase accumulation model):
2kz(E)Nd0 + φ1(E) + φ2(E) = 2npi (1)
where kz is the component of the wave vector prepen-
dicular to the film surface, kz(E) is determined by the
band structure, d0 is the interlayer spacing and n is
an integer. φ1(E) and φ2(E) are the energy-dependent
phase shifts of the electronic wave function upon reflec-
tion at the two boundaries of the film [16]. For the
Ag(111)/Si(111) case this would depend on the Ag band
structure (energy dispersion along [111] direction) and
the phase shifts at Ag/vacuum and Ag/Si interfaces.
Although for a direct comparison, calculation for the
Ag/Si(111) system would be necessary, it is evident that
quantum size effect (QSE) is important in leading to the
observed height preference of Ag islands.
It is interesting to note that the bilayer height on the
wetting layer for the thinnest Ag film (1 ML) is about
5.4 A˚ (Fig.1). (The same value of the double-layer height
5was observed by Gavioli et al.[8] for film thicknesses be-
tween 1 and 2.2 ML. These authors did not study thicker
films). However, for the thicker films (see figures 2, 3 and
5) we observe some variation in the bilayer separation.
[It should be noted that the actual value depends some-
what on the magnitude of the sample bias voltage and
its sign. However, the trend remains the same]. While
for Ag islands on Si no report is available on thickness
relaxation depending on the total number of atomic lay-
ers in an island, for Pb islands on Si(111) surfaces an
oscillatory thickness relaxation was observed depending
on the number of atomic Pb layers in the islands. This
oscillatory thickness relaxation has been shown to be cor-
related with quantized electronic states in the Pb islands
[12]. The thickness relaxation has been characterized in
terms of the deviation from ideal thickness, defined as
∆t = tN −Nd0, where N is the number of atomic layers
on the wetting layer, d0 is the ideal interlayer spacing and
tN is the thickness of the island. For small N the devia-
tions were found to be large [for example, ∆t = −0.5A˚,
0.2A˚ and −0.4 A˚ for N = 5, N = 6 and N = 7 re-
spectively]. The amount of deviations also apparently
depend on whether the islands are isolated individual is-
lands or islands of several tiers. (For Ag islands we show
the characteristic differences for these cases later). With
increasing thickness the island height variation tends to
diminish.
For as-deposited 60 ML films, growth of hexagonal is-
lands is prominent as seen in the STM image of Fig.6.
A height scan along the line in Fig.6(a) across multi-tier
islands is shown in Fig.6(b). Single-layer height at the is-
land edges are prefered. It is seen from Fig.6(b) that step
heights for the inner layers are∼ 2.6 A˚, while those of the
outer layers are ∼ 3 A˚ – both much larger than the ideal
Ag(111) layer spacing (2.36 A˚). [ It should be noted that
height measurement by STM is affected by both struc-
tural and electronic contribution]. As we will show later
for annealed samples, where both individual and multi-
tier islands are observed, multi-tier island edges prefer
single-layer height (like that in Fig.6) whereas individ-
ual islands prefer double-layer or in general even-layer
height. This trend has also been observed for Pb is-
lands on Si(111), where N values, which are practically
absent in isolated islands, are observed for multi-tier is-
lands showing monolayer steps [12].
In the standard SK growth in RT deposition for film
thicknesses above the wetting layer, formation of 3D mul-
tilayer Ag islands have been observed [6]. Here in RT
deposition for thin Ag films (1 ML) we have observed for-
mation of 3D Ag islands with flat top and a strong prefer-
ence for a double-layer height. Growth of 3D Ag islands
with a flat top and a preferred double-layer height was
earlier observed only for 1−2.2 ML Ag films deposited at
LT (150 K) followed by annealing at RT (300 K). For RT
deposition this feature of Ag island growth on Si with
a height preference has not been reported earlier. How-
ever, for Pb islands on Si(111), island height preference
indicating quantum size effect was observed for growth at
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FIG. 6: (a) STM image (3000 × 3000A˚2) of an as-deposited
60 ML Ag film. Multi-tier islands, present but not prominent
on the 40 ML film, are very prominent here. (b) a height scan
along the line in (a). Monolayer (∆N = 1) steps are found to
be dominant for these multi-tier islands.
170−250K [12], 273K [17] and even at RT [13]. For higher
film thicknesses (4 ML onwards), we observe the growth
of a percolated Ag layer with a flat top feature on the
islands with a height preference in units of double-layer
height.
The RT-deposited 40 ML film, when annealed at
700◦C, nanostructural hexagonal disc-like Ag islands are
formed as seen in the STM micrograph of Fig.7(a).
[Very few hexagonal islands appear in the as-deposited
film (compare Fig.4(c))]. According to kinetic Monte
Carlo simulation results, islands can grow on a substrate
of threefold symmetry in various shapes depending on
growth temprature − hexagonal shape being one of them
[18]. We have also observed triangular island growth in a
Ag film on Si(111) annealed at 600◦C [14]. A height scan
along the line in Fig.7(a) is shown in Fig.7(c). We notice
that the hexagonal disc-like Ag islands have a preference
for a height difference, where ∆N is even. This appears to
be the case when the islands are individual islands. How-
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FIG. 7: STM images (a, b) of a 40 ML Ag film annealed at
7000C. Prominent hexagonal disc-like islands are seen to have
been formed. There are significant differences in the islands
in (a) and (b). In (a) islands are apparently independent
islands while in (b) smaller islands on progressively larger
islands in a multi-tier form are seen. (c) Height scan along
the line in (a) shows strong preference for height differences
corresponding to an even number of Ag atomic layers. (d)
Height scan along the line in (b) shows monatomic height on
the island edges similar to what is seen in Fig.6 for multi-tier
islands. Note the large difference in lateral dimensions in (a)
and (b). Individual hexagonal islands are much larger.
ever, when the islands are multi-tier islands, i.e. small
islands growing on larger islands, the edges prefer to have
monolayer steps, as seen in Fig.7(b) and its correspond-
ing height scan in Fig.7(d). Differences between indi-
vidual and multi-tier islands have also been observed for
Pb islands on Si(111)−(7× 7) surfaces [12], although for
much thinner films. For the Ag films of Si(111), up on
annealing, growth of individual islands with ∆N = 2 or 4
becomes more prominent compared to multi-tier islands
with ∆N = 1. This indicates that ∆N = 2 or 4 is en-
ergetically more favorable. For Pb islands on Si(111) as
well, up on annealing ∆N = 1 tends to disappear in fa-
vor of ∆N = 2 islands [12]. For Pb/Si(111) this has been
attributed to quantum size effect. For Ag/Si(111) theo-
retical results would be necessary for a direct comparison.
Within our limited search over selected thicknesses (1,
2, 4, 5, 10, 30, 40 and 60 ML) we have not observed
uniform film growth. An extended search would be nec-
essary to explore if there at all exists a thickness window
over which film of uniform thickness can grow at RT or
any other growth temperature.
B. Strain
High resolution x-ray diffraction (HRXRD) measure-
ments were made with a rotating anode X-ray source (Mo
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FIG. 8: X-ray diffraction data obtained from 40 ML Ag films
with x-rays of λ = 0.709 A˚ from a rotating anode source (cir-
cle: as-deposited film, square: 7000C-annealed film). Epitaxy
of Ag(111) layer improves up on annealing as the narrowing
of the Ag(111) peak indicates.
Kα1, λ = 0.709A˚) on the Ag layers. Typical HRXRD re-
sults (θ–2θ scan) from a 40 ML Ag film are shown in
Fig.8. Epitaxial growth of Ag(111) layer is seen from the
Ag(111) diffraction peak. No other Ag peaks were ob-
served. The diffraction peak from the as-deposited film
is broad, which can be attributed mainly to a mosaic
spread. Mosaic spread in Ag(111) layers deposited on
Si(111) at RT has been observed earlier [20, 21]. Mosaic
spread decreases upon annealing. HRXRD results from
a Ag layer annealed at 700◦C (30 min.) shows a much
narrower Ag(111) peak indicating a reduction of mosaic
spread and improvement of epitaxy upon annealing. The
Ag film, annealed at 700◦C, as mentioned before, form
hexagonal disc-like islands (see Fig.7). Much thicker Ag
islands are formed in this annealed sample. TEM mea-
surements reveal this feature. Typical cross-sectional
TEM micrographs and a transmission electron diffrac-
tion pattern are shown in Fig.9. The island in Fig.9(a)
is ∼ 500A˚ thick − more than five times the deposited
nominal thickness. The selected area diffraction pattern
taken from the region shown in Fig.9(a) shows diffrac-
tion from both Si and Ag indicating Ag(111) ‖ Si(111)
and Ag[110] ‖ Si[110]. An isolated Ag island on Si of ∼
2000A˚ thickness is seen in Fig.9(c). In addition to the re-
duction in mosaic spread in the annealed film, growth of
thick islands also may be partly responsible for narrowing
of the Ag(111) peak in Fig.8.
HRXRD experiments were also performed on a 700◦C-
annealed 40 ML film with monochromatized (λ =
1.033A˚) synchrotron radiation. The result (Fig.10) shows
two distinct Ag(111) peaks alongwith the Si(111) diffrac-
tion peak. The results in Fig.10 were obtained with θ-
steps of 0.002◦. However, we have also verified the au-
thenticity of the Ag double peak structure by repeat-
7FIG. 9: Cross-sectional TEM micrograph (a) and a trans-
mission electron diffraction pattern (b) from a 40 ML Ag film
annealed at 7000C. Epitaxy of Ag(111) with Si(111) is seen
from the diffraction pattern. (c) An island about 20 times
as thick as the nominal deposited thickness is seen to have
formed.
ing experiments with 0.001◦ steps. The sharp peak and
the wide peak correspond to Ag(111) planner spacings
of 2.355 A˚ and 2.364 A˚ (∆d = 0.09A˚), respectively
(∆θ = 0.05◦ between the peaks). The angular positions
of the Ag peaks have also been verified with reference
to the Si(111) peak position. The sharpness of the peak
at larger θ, i.e. for d=2.355 A˚ indicates that this com-
ponent comes from a much thicker layer. As we have
seen from Fig.9, much thicker islands, compared to the
deposited nominal thickness, are formed in the annealed
sample. The broader weak peak apparently comes for
thinner islands. The Ag peaks have been fitted using the
Takagi-Taupin formalism based on dynamical theory of
x-ray diffraction [19]. The theoretical curve for the nar-
row Ag(111) peak has interference fringes near the base,
which are barely visible in this scale.
We now explore the possible origin of the sharp
Ag(111) peak corresponding to a shorter plannar spac-
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FIG. 10: HRXRD data from a 40 ML Ag film annealed at
7000C, obtained with synchrotron radiation (λ = 1.033 A˚).
Two distinct Ag(111) peaks are observed with a small angular
separation ∆θ = 0.050. The d-spacing coresponding to the
stronger Ag(111) peak is less than that of bulk Ag (see text
for explanation). The narrowness of the peak is consistent
with the formation of thick islands seen in Fig.9.
ing. Lattice constants of Ag and Si are aAg=4.085A˚, and
aSi=5.431A˚ (dAg
111
=2.359A˚ and dSi
111
=3.136A˚). The lat-
tice mismatch is ∼25%. However Ag is found to grow
epitaxially on Si [20, 21, 22]. This happens via coinci-
dence site lattice matching as 4aAg ≈3aSi and the mis-
match is just 0.43% (4dAg
111
>3dSi
111
) [22, 23]. In this case
an in-plane compression of the Ag layer would lead to
a perpendicular strain leading to dAg
111
(film)>dAg
111
(bulk).
However, what we observed is dAg
111
(film)<dAg
111
(bluk) as
one component, the other being dAg
111
(film)>dAg
111
(bluk). A
possible explanation for the shorter d-spacing (2.355 A˚)
in Ag can be given in terms of coefficients of linear ther-
mal expansion of Ag (18.9 ×106/K) and Si (2.6 ×106/K)
[24]. As the expansion coefficient of Ag is about seven
times that of Si, the Ag lattice being pinned at the Ag/Si
interface would expand faster in the surface-normal direc-
tion enhancing strain in the Ag layer. For the Ag/Si(111)
system at 700◦C the strain in the Ag layer would be much
larger compared to that at RT. If we assume that this
larger strain would be relaxed by introducing disloca-
tions at the interface and a fully relaxed Ag layer would
form at 700◦C, the fully relaxed Ag layer would have
d
Ag
111
= 2.359A˚. As the thermal expansion coefficient of
Ag is much higher than that of Si, in cooling the sample
down to room temperature, the Ag layer would shrink at
a higher rate than Si. As the in-plane Ag lattice would be
pinned at the interface to that of Si, which shrinks at a
slower rate, the Ag layer would have a larger shrinking in
the surface-normal direction leading to a Ag(111) planar
spacing in the surface-normal direction smaller than that
of bulk Ag. This is schematically illustrated in Fig.11. A
thick Ag layer is likely to undergo this process. This is
8also consistent with the narrowness of the Ag(111) peak
corresponding to the shorter d-spacing (dAg
111
= 2.355A˚).
The lattice contraction is 0.17% with respect to the bulk
d111 spacing. The weak broader Ag(111) peak is likely to
be due to much thinner islands, which would be able to
accommodate the strain due to thermal expansion mis-
match without introducing dislocations. The presence of
a thinner island is also seen in Fig.9(c). There are actu-
ally thin islands with a thickness variation. The broader
peak corresponds to a lattice expansion of 0.21% com-
pared to the bulk d111 spacing. For λ = 1.033A˚, the
angular separation (∆θ) between the two Ag(111) peaks,
as seen from Fig.10, is 0.05◦. For λ = 0.709A˚ this sepa-
ration would be ∆θ = 0.03◦ and with our laboratory set
up it would be more difficult to observe these peaks as
separated peaks.
RT RTAt 700  C coolingheating
o
FIG. 11: The shortening of the perpendicular d-spacing in
the annealed film compared to the corresponding bulk value
is schematically illustrated. See text for details.
There are reports that desorption of Ag from a Ag/Si
system starts around 550◦C under UHV conditions [25].
Earlier we studied growth of Ag(111) layers (∼ 1000A˚) on
Si(111) and their annealing behavior under high vacuum
(HV) condition by RBS/channeling experiments [21]. We
have studied Ag/Si annealing (30 min) under high vac-
uum upto 800◦C. At 600◦C, we observed very little loss of
Ag. At 700◦C there were about 25% loss of Ag − mainly
from grain boundaries without any detectable change of
actual film thickness. At 800◦C (30 min) Ag films were
completly desorbed [26]. In the present case we expect
that some desorption of Ag has taken place in the an-
nealed film.
IV. SUMMARY AND CONCLUSIONS
We have studied growth of Ag on Si(111)-(7 × 7) sur-
faces at room temperature. Initial deposition of ∼ 1 ML
Ag produces islands with a strongly preferred height of
two atomic layers of Ag on the wetting layer. Thicker
films show a tendency of growth of N-layer islands, where
N is even. This appears to be a consequence of electron
confinement in the metallic film. As-deposited thicker
films (>20 ML) show the formation of hexagonal islands
at the top. These multi-tier islands have monatomic
step edges. Annealed films show the formation of hexag-
onal disc-like islands. Individual islands show double-
layer height at the edges, while multi-tier islands show
monatomic height edges as in the as-deposited films.
While the as-deposited films are epitaxial with a mo-
saic spread, the epitaxy improves up on annealing. An
annealed 40 ML film has been found to show two closely-
spaced Ag(111) peaks. The strong peak corresponding
to shorter d-spacing compared to the bulk value can be
explained by the perependicular contraction up on cool-
ing of the Ag lattice, which is presumably relaxed at high
temperature during annealing, as a consequence of ther-
mal expansion mismatch between Ag and Si.
Within our limited search we have not observed, for
RT growth, any thickness window for the uniform layer
growth − a prediction from the electronic growth mech-
anism. Obviously an extended search over film thickness
and growth temperature would be necessary to explore
this aspect.
The fact that bilayer growth is prefered even at the
outer layers of relatively thick films needs further the-
oretical attention. Ag growth on Si(111)-(7×7) at RT
cannot be simply classified within the three commonly
known growth modes. The elctronic confinement appar-
ently plays a role in determining the film morphology. To
what thickness electron confinement effect is operative is
also an important aspect to be investigated.
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